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NEW & NOTEWORTHY
We have investigated the effects of aging on the heart using a genetically uniform large animal model, maintained under highly regulated conditions. Our results indicate that the myocyte compartment undergoes physiological alterations with age that negatively interfere with ventricular function.
STUDIES OF MYOCARDIAL AGING in humans are complex, as it is difficult to separate the effects of time from genetic, ethnic, lifestyle, and environmental factors, which may modify physiological cardiac aging. Additionally, the incidence of cardiovascular diseases increases with age (24) and intervening pathologies may change the natural temporal evolution of the organ. Therefore, the mechanisms involved in the age-related deterioration of ventricular performance and decreased functional reserve of the old heart (9, 12, 17, 18, 39) remain to be properly defined.
The general belief has been that abnormalities in ventricular compliance with age occur as a result of collagen deposition and diffuse interstitial fibrosis, which, together with cardiomyocyte loss, lead to depressed systolic and diastolic function (17, 18, 26, 39) . Additionally, myocardial hypertrophy has been proposed as a critical variable of the senescent myopathy (5) , in spite of the lack of organ hypertrophy in older humans (25) . Current understanding of the pathophysiology of the aging myopathy and the mechanisms involved in the increased incidence of heart failure and sudden death in older adults is limited and a characterization of the process is needed.
In the current study, a major effort was made to acquire information on a genetically uniform, large animal model maintained under controlled conditions during the organism lifespan. This research aimed at defining physiological defects of the senescent heart and recognizing novel targets for the management of the aging myopathy. A large colony of beagle dogs, raised and kept in a highly regulated environment, has been investigated at multiple levels. A comprehensive approach has been introduced to integrate information on global ventricular performance with data on the electromechanical properties of the myocardium and individual cardiomyocytes. This analysis has been combined with measurements of the size and shape of the organ, structural composition of the myocardium, myocyte death, and cell volume and number to recognize determinants of the aging myopathy and their potential implications in the development of ventricular dysfunction.
METHODS
In vivo studies. Beagle dogs of either sex ranging from 3 to 14.3 yr of age (n ϭ 41) were maintained and studied in accordance with the National Institutes of Health Guide for Care and Use of Laboratory Animals; animal experiments were approved by the local animal care committee (Institutional Animal Care and Use Committee at New York Medical College, Albert Einstein College of Medicine, and Lovelace Respiratory Research Institute). Fifteen beagle dogs were chronically instrumented for evaluation of cardiac function, as previ-ously described (30, 33, 56) . Cardiomyocytes obtained from male hound type dogs 7-9 mo old (n ϭ 4) were employed to test the rate dependency of the late Na ϩ current (INaL) by patch-clamp technique in voltage-clamp mode. Data obtained from these animals were not included in comparisons with results from beagle dogs.
Beagle dogs were raised and kept at Lovelace Respiratory Research Institute (LRRI) for a period of time averaging 85.6 Ϯ 1.9% of their life. Animals were on a 2025C Certified (Harlan) diet before death, with the exception of one dog on k/d prescription diet (Hill's) due to suspected renal disease. This animal was not included in physiological tests. For the determination of cardiac troponin I (cTnI) and blood chemistry screen, blood samples were collected by jugular vein puncture into a serum separator tube and allowed to clot for ϳ30 min. Blood samples were centrifuged at 1,200 g followed by collection of serum and freezing at Ϫ80°C. Samples were shipped on dry ice to Minneapolis Medical Research Foundation (Minneapolis, MN) for analysis of cTnI using TnI-Ultra assay (Siemens Advia Centaur) or to Antech Diagnostic (Irvin, TX) for blood chemistry screening.
Surgical instrumentation. Dogs were sedated with acepromazine maleate (1 mg/kg body wt im), anesthetized with propofol (4 mg/kg body wt iv), and ventilated with room air. Anesthesia was maintained by 2% isoflurane. Body temperature was monitored every 15 min with a rectal thermometer, together with electrocardiograms, oxygen saturation, blood pressure, and fluid intake. The chest of each dog was scrubbed with a sterilizing soap and sterilized with iodine solution. A thoracotomy was performed in the fifth intercostal space. A fluid-filled Tygon catheter (Cardiovascular Instruments) was inserted into the descending thoracic aorta for measurement of mean arterial blood pressure and blood sampling; another fluid-filled Tygon catheter was inserted into the left atrial appendage for delivery of drugs; a silicon catheter was placed in the coronary sinus for blood sampling. Blood gases and lactate were measured with a blood gas analyzer (IL-682 CO-Oximeter) (46) . A solid-state pressure gauge (P4; Konigsberg Instruments) was implanted into the left ventricle (LV) through the apex for measurement of LV pressure. Two myocardial pacing leads were attached to the LV free wall. Two pairs of piezoelectric crystals were implanted in the mid-myocardium of the LV free wall, orthogonal to the ventricular long axis, 10 -15 mm apart, to assess regional circumferential shortening. The chest was closed in layers, and catheters and wires were tunneled subcutaneously and externalized through the skin in the interscapular region. Antibiotics were given after surgery, and dogs were allowed to fully recover for 10 -14 days. Animals were then trained to lay quietly on the laboratory table. Dogs laid undisturbed, either awake or asleep, during the experiment.
Hemodynamics, LV regional shortening, echocardiographic, and electrocardiographic recordings. To ensure controlled conditions of animals, body temperature was evaluated in dogs on the day of data collection and heart rate, electrocardiograms, and mean arterial pressure were monitored during data acquisition. Hemodynamic parameters were recorded on paper and also stored in computer memory at a sampling rate of 250 Hz. The piezoelectric crystals were connected to a sonomicrometer to measure cyclic changes in the segmental length. This parameter served as an index of regional contractile function. Two-dimensional and M-mode echocardiography was performed (Sequoia C256; Acuson) to measure ejection fraction, LV dimensions, and wall thickness. Images were obtained from a right parasternal approach at the midpapillary muscle level, according to the criteria of the American Society of Echocardiography. Increasing doses of dobutamine were administered intravenously, followed by isoproterenol bolus. For treadmill test, animals were subjected to progressive faster running speed, ranging from 1-4 miles per hour. Twelve-lead electrocardiograms were obtained in aged dogs using a HP Hewlett Packard 4760A ECG EKG Cardiograph (16) .
At completion of the protocol, dogs were euthanized with an overdose of sodium pentobarbital. The heart was explanted and cardioplegia was flushed through the aorta with a 20-ml syringe. Subsequently, the heart was stored in cold cardioplegic solution and Immunohistological analysis. LV myocardial tissue was fixed in phosphate-buffered formalin (10%, Sigma) and embedded in paraffin. Sections, 4-m thick, were trichrome-stained for detection of connective tissue (Gomori's One Step Trichrome Method; Poly Scientific R&D) following manufacturer's instructions. Images were acquired using an upright microscope (Olympus BX60) with ϫ20 objective equipped with a color camera (Olympus DP73). Interstitial fibrosis was quantified with respect to total tissue area using ImageJ software. Apoptosis in myocyte nuclei was evaluated by terminal deoxynucleotidyl transferase (TdT)-mediated dUTP nick-end labeling (TUNEL) assay in tissue sections stained with ␣-sarcomeric actin (mouse monoclonal antibody, Sigma), DAPI (Sigma), and a TUNEL-based assay kit (ApoAlert DNA Fragmentation Assay Kit). On average, ϳ38,000 myocyte nuclei were analyzed per animal. Images were obtained with a confocal microscope (Olympus Fluoview FV1000).
Ex vivo electrical properties of LV myocardium. LV samples were perfused through a large branch of the left coronary artery in a Langendorff apparatus at a constant pressure of 80 mmHg with Krebs-Henseleit buffer (KHB) containing the following (in mM): 118 NaCl, 4.7 KCl, 11 glucose, 1.2 MgSO 4, 1.2 KH2PO4, 1.8 CaCl2, and 25 NaHCO3, gassed with 95% O2-5% CO2 (pH 7.4) (41, 42) . The temperature was maintained at 37°C by immersing the myocardial tissue in a water-heated glassware reservoir (Radnoti), containing preheated KHB. LV myocardium was stimulated with a 2-ms square pulse at two times its threshold level (4 channels stimulator; BMS 414; Crescent Electronics), using a minicoaxial electrode placed on the endocardium (Harvard Apparatus). Myocardial electrical activity was monitored employing a two-lead mini ECG system (Harvard Apparatus), in which electrodes were placed on the endocardial and epicardial aspects of the canine LV sample. Monophasic action potentials (MAPs) were recorded using a micro MAP-Tip electrode (Harvard Apparatus) (41, 42) . ECG and MAP signals were amplified (Animal Bio Amp; ADInstruments), digitized using a 4 kHz A/D converter (Power Lab 8/30; ADInstruments), and recorded using LabChart 7 Pro software (ADInstruments) with low-and high-pass filtering at 1 kHz and 0.3 Hz, respectively. Amplitude of extracellular electrical signals was influenced by quality of contact of electrodes to myocardial specimens. Overall, QRS amplitude was comparable in adult (Ͻ10 yr of age, 2.1 Ϯ 0.6 mV) and old (Ͼ10 yr of age, 2.0 Ϯ 0.6 mV) LV tissue. Also, MAP amplitude was similar in tissue from adult (Ͻ10 yr of age, 8.1 Ϯ 2.1 mV) and old (Ͼ10 yr of age, 7.8 Ϯ 1.5 mV) animals. The effects of pharmacological agents on electrical properties of the perfused myocardium were tested at fixed cycle lengths.
Myocyte isolation. LV samples were perfused through the left anterior descending coronary artery using a Langendorff apparatus (42) . Initially, the tissue was perfused with a solution containing the following (mM): 126 NaCl, 4.4 KCl, 5 MgCl2, 5 HEPES, 22 glucose, 20 taurine, 5 creatine, 5 Na pyruvate, 5 NaH2PO4, and 10 2,3-butanedione monoxime (pH 7.4, adjusted with NaOH). A constant temperature of 37°C was maintained, and the buffer was gassed with 85% O2-15% N2. After ϳ10 min, 0.015 mM CaCl2, 274 units/ml collagenase (type 2; Worthington Biochemical), and 0.57 units/ml protease (type XIV; Sigma) were added to the perfusate for enzymatic dissociation of the tissue. At completion of digestion, LV myocardium was cut in small pieces and these fragments were shaken in resuspension solution and filtered using a 200-m nylon mesh (Spectrum Labs). Aliquots of cell suspensions were centrifuged for 5 min at 100 g (Eppendorf 5702 R) at 4°C and frozen for biochemical assays. For electrophysiological and mechanical studies, only rod-shaped myocytes exhibiting cross striations and showing no spontaneous contractions or contractures were selected.
Myocyte number, volume, and nucleation. Following enzymatic digestion, LV myocytes were fixed in paraformaldehyde (4%; Electron Microscopy Sciences) and nuclei were stained with Hoechst (10 M; Sigma). Images were collected with a fluorescent inverted microscope (Olympus IX71) equipped with a CCD camera (Hamamatsu ORCA-R2). Cell length (long axis), area, and number of nuclei were evaluated using ImageJ software. Average cell width was computed by dividing cell area by the myocyte length (long axis). Cell thickness (Z-axis) was evaluated in a subset of myocytes using images acquired by two-photon microscopy (BX51WI Olympus microscope coupled with a Bio-Rad Radiance 2100MP system). Three-dimensional reconstructions were obtained using second-harmonic generation signal of sarcomeric structures (32, 41) . The ratio between cell width and cell thickness was calculated and found to be comparable in myocytes from adult and old dogs. A value of 1.81 as ratio between cell width and thickness was employed in the morphological computation. Cell volume was calculated assuming the shape of myocytes as a flattened cylinder with elliptical cross section. In the crosssection, the major axis corresponds to the average cell width and the minor axis (cell thickness, Z-axis) corresponds to average cell width divided by 1.81. Myocyte volume was calculated in cells obtained from dogs at 4, 7-8, and 12-14 yr of age. The relation between dog age and average myocyte volume was established by fitting the calculated average volumes with linear regression.
The number of myocytes of individual hearts was determined by converting weight to mass employing myocardium specific gravity of 1.04 mg/ml; then, myocyte volume fraction of the myocardium was calculated based on microscopic examination and point-counting technique of myocytes and nonmyocytes in 10 random fields of 4-m-thick sections stained by hematoxylin and eosin, using an upright microscope (Olympus BX60) with ϫ100 objective. The number of myocytes was calculated by dividing myocyte mass of the heart by the computed average myocyte volume.
Patch-clamp studies. Isolated LV myocytes were placed in the bath on the stage of inverted microscopes (IX51 and IX71; Olympus) for patch-clamp measurements (36, 42). Experiments were conducted at 37°C and, for a subset of data, at room temperature. Data were acquired by means of the whole cell patch-clamp technique in voltage-and current-clamp modes using Multiclamp 700A and 700B amplifiers (Molecular Devices). Electrical signals were digitized using 250-kHz 16-bit resolution A/D converters (Digidata 1322 and 1440A; Molecular Devices) and recorded using pCLAMP 9.0 and 10 software (Molecular Devices) with low-pass filtering at 2 kHz. Pipettes were pulled by means of a vertical (PB-7; Narishige) or horizontal (P-1000; Sutter Instruments) glass microelectrode pullers; when filled with Table 1 . Primers for PCR analysis
F, forward; R, reverse; COL1A1, collagen type I ␣1; COL1A2, collagen type I ␣2; COL3A1, collagen type III ␣1; TGFB1, transforming growth factor-␤1; MMP2, matrix metalloproteinase-II; POSTN, periostin; FN1, fibronectin; CTGF, connective tissue growth factor; HPRT, hypoxanthine guanine phosphoribosyl transferase. Myocytes were held at Vh of Ϫ120 mV and INaL was elicited using a 500-ms depolarizing pulses to Ϫ30 mV. The pulse was preceded by a 5-ms prepulse to ϩ50 mV to optimize voltage control (43) . Measured currents were normalized by C m.
For simultaneous measurement of electrical and Ca 2ϩ cycling properties in myocytes, cells were loaded with 10 M Fluo-3 AM Fig. 2 . Aging negatively interferes with cardiac function. A: echocardiographic parameters in aging dogs; data are shown as median and interquartile ranges (adult: n ϭ 6, 5.5 Ϯ 0.6 yr; old: n ϭ 8, 11.9 Ϯ 0.4 yr). *P Ͻ 0.05 vs. adult; y, yr of age. B: radial left ventricular (LV) contractility in aging dogs; data are shown as median and interquartile ranges (adult: n ϭ 5, 5.9 Ϯ 0.6 yr; old: n ϭ 8, 11.8 Ϯ 0.4 yr). *P Ͻ 0.05 vs. adult. C: hemodynamic parameters in aging dogs; data are shown as median and interquartile ranges (adult: n ϭ 6, 5.5 Ϯ 0.6 yr; old: n ϭ 9, 12.0 Ϯ 0.4 yr). *P Ͻ 0.05 vs. adult. D: maximal rate of LV contraction and relaxation in aging dogs following infusion of dobutamine (Dobt, dosage referred to kg of body wt per minute of infusion) and bolus of isoproterenol (Iso, dosage referred to kg of body wt) are shown as mean Ϯ SE (adult: n ϭ 6, 5.5 Ϯ 0.6 yr; old: n ϭ 6, 12.5 Ϯ 0.4 yr). *P Ͻ 0.05 vs. adult; †P Ͻ 0.001 within the same group E: effects of overdrive pacing are shown as mean Ϯ SE (adult: n ϭ 6, 5.5 Ϯ 0.6 yr; old: n ϭ 5 12.0 Ϯ 0.6 yr). *P Ͻ 0.05 vs. adult; †P Ͻ 0.01 within the same group. F: ECGs from precordial leads obtained in a dog at 11 yr of age. Notched R waves are present in V6. Arrow points to the notched R wave in the magnified trace. G: gross anatomical parameters in aging dogs. Body weight before death and heart weight and LV free wall thickness measured in the explanted organ (male: n ϭ 21; female: n ϭ 18). Data are fitted with linear regression. R 2 and P value for each fitting are reported. H: biochemical parameters of blood samples obtained from the jugular vein, with the exception of lactate and partial pressure of oxygen, measured in blood collected from the coronary sinus. Data are fitted with linear regression. R 2 and P values for each fitting are reported. I-L: Western blots analysis for total and phosphorylated PKA and phospholamban (PLB) in the LV myocardium of aging dogs. Quantitative data for p-PKA/ PKA ratio (J) in the LV myocardium of adult (n ϭ 11, 5.2 Ϯ 0.4 yr) and old (n ϭ 12, 12.9 Ϯ 0.2 yr) beagle dogs are shown as median and interquartile ranges. Quantitative data for p-PLB/PLB ratio (L) in the LV myocardium of adult (n ϭ 10, 5.2 Ϯ 0.5 yr) and old (n ϭ 12, 12.9 Ϯ 0.2 yr) beagle dogs are shown as median and interquartile ranges.
(Invitrogen). Excitation length was 480 nm with emission collected at 535 nm, and the fluorescence signal intensity of Fluo was collected using a photomultiplier, and a photon to voltage converter (IonOptix) connected to the patch-clamp A/D converter (42) . EGTA and Ca 2ϩ were omitted from the pipette solution.
I NaL was blocked with low dose of tetrodotoxin (TTX; 1 M; Sigma), mexiletine (10 M; Sigma), or ranolazine (10 M; Sigma) (10, 40, 50, 53) . When possible, tests were repeated with different inhibitors to minimize off-target effects of these compounds (23, 27) . The effects of pharmacological agents on electrical and Ca 2ϩ transient properties of myocytes were tested at fixed cycle lengths.
Cell shortening. Isolated LV myocytes were placed in a bath on the stage of a microscope (Axiovert, Zeiss; BH-2, Olympus) for the evaluation of cell contractility (42) . Experiments were conducted at (41) . Contractions were elicited by rectangular depolarizing pulses, 2 ms in duration, and 1.5 times threshold in intensity, with platinum electrodes. The effects of mexiletine (10 M) on myocytes contractility were tested at fixed cycle lengths.
Isometric force in ventricular trabeculae carneae. Thin ventricular trabeculae obtained from the right ventricle were mounted in a horizontal tissue bath (Steiert; Hugo Sachs Elektronik-Harvard Apparatus) connected to a force transducer (F10; Harvard Apparatus) (42) . Muscles were superfused with KHB solution with composition identical to the solution employed to perfuse LV tissue. Experiments were conducted at 37°C. The myocardium was stimulated by two platinum electrodes employing field stimulation (isolated stimulator output: pulse duration, 2 ms; intensity, 1.5-fold threshold; UISO; Hugo Sachs Elektronik-Harvard Apparatus). Each muscle was stretched to the length at which force of contraction was maximal. Muscle preparations were allowed to equilibrate for at least 1 h. Developed tension was measured isometrically with the force transducer attached to a Bridge Amp (ADInstruments) and a 4-kHz A/D converter (Power Lab 4/30; ADInstruments). Tension signal was recorded using LabChart 7 Pro software (ADInstruments). Based on the premise that each muscle had a cylindrical shape, force measurements were normalized by the cross-sectional area of the muscle (mN/mm 2 ). Digital images of sections were acquired using a microzoom system stereo microscope (SZX16, Olympus) and a camera (DP73) and analyzed by ImageJ software (42) . The length at which the muscle developed maximal twitch tension (L max) was identified by progressively stretching muscles stimulated at a cycle length of 400 ms, beginning from near slack length (L0). The late Na ϩ current was blocked with mexiletine (10 M; Sigma) or a low dose of tetrodotoxin (1 M; Sigma; Enzo Life Sciences) or ranolazine (10 M; Sigma) or enhanced with anemonia toxin II (ATX-II; 10 nM; Sigma) (7, 40, 50) . ␤-Adrenergic stimulation was induced with isoproterenol (100 nM) (42) . The effects of pharmacological agents on isometric twitching muscles were tested at fixed cycle lengths.
Quantitative RT-PCR. Total RNA was extracted from snap-frozen LV myocardial tissue utilizing QIAzol Lysis Reagent (Qiagen) and digested with DNase I and cleaned up with RNeasy Mini Kit (Qiagen) to eliminate genomic DNA. cDNA was obtained from 1 g total RNA using MultiScribe reverse transcriptase kit (Applied Biosystems). Real-time RT-PCR was performed with primers indicated in Table 1 . The StepOnePlus Real-Time PCR system (Applied Biosystems) was employed for quantitative RT-PCR. In each case, cDNA was combined with Power SYBR Green Master Mix (Applied Biosystems) in a 20-l reaction. Cycling conditions were as follows: 95°C for 10 min followed by 40 cycles of amplification (95°C denaturation for 15 s, 60°C annealing and extension for 1 min). The melting curve was then obtained. C t values were normalized with respect to hypoxanthine guanine phosphoribosyl transferase (HPRT). To avoid the influence of genomic contamination, forward and reverse primers for each gene were located in different exons.
Western blotting. Whole protein extracts from LV myocardium were prepared using RIPA buffer (Sigma), supplemented with a cocktail of protease inhibitors (Roche) and phosphatase inhibitors (Sigma). The equivalent of 1-10 g of proteins was separated on SDS-PAGE, transferred onto PVDF membrane, blocked with 5% BSA, and exposed to PKA (dilution 1:1,000; rabbit monoclonal antibody no. 5842; Cell Signaling Technologies), phospho-PKA [Phospho-PKA C (Thr197) (D45D3); dilution 1:1,000; rabbit monoclonal antibody no. 5661; Cell Signaling Technologies], phospholamban (dilution 1:2,000; rabbit phospholamban antibody no. 8495; Cell Signaling Technologies), and phospho-phospholamban [dilution 1:2,000; Phospho-Phospholamban (Ser16/Thr17) rabbit antibody no. 8496; Cell Signaling Technologies] antibodies. Horseradish peroxidase-conjugated secondary antibodies (1:5,000 dilution; Cell Signaling Technology) and Pierce ECL 2 Western Blotting chemiluminescent substrate (Thermo Scientific) were utilized for signal detection (41, 42) . Western blotting protocols with various antibodies were optimized before quantitative analysis. For molecular weight identification, Precision Plus Protein Kaleidoscope Prestained Protein Standards (Bio-Rad) was employed. Optical density of bands was measured using ImageJ.
Data analysis. Data are presented as means Ϯ SE or median and interquartile ranges. Linear regressions were calculated with Prism 6.0c software. For comparison of data pertaining to adult (4 to 7 yr of age) and old (Ͼ10 yr of age) dogs, median and interquartile ranges for animal age in each group are reported in Fig. 1 . Statistical analysis was performed using SigmaPlot 11.0 software. Data were initially tested for normality (Shapiro-Wilk) and equal variance for assignment to parametric or nonparametric analysis. Parametric test included t-test or ANOVA followed by Bonferroni test for nonpaired comparison between two or among multiple groups, respectively. For paired statistical analysis, paired t-test or one-way repeated-measures ANOVA followed by Bonferroni test were employed for two groups or multiple comparisons, respectively. When normality or equal variance were not met, nonparametric analysis was performed using Mann-Whitney rank sum test or Kruskal-Wallis one-way ANOVA on ranks followed by Dunn's method, for nonpaired comparison between two or among multiple groups, respectively. Wilcoxon signed rank test or Friedman repeated-measures ANOVA on ranks was employed for paired comparison between two or among multiple groups, respectively (41) . P Ͻ 0.05 was considered significant.
RESULTS

Physiological aging alters ventricular performance.
To define the effects of aging on LV function, beagle dogs were divided in adults, from 4 to 7 yr of age, and old, from 10 to 13 yr of age (see Fig. 1 ). Based on a previous report (29) , these ranges correspond to 37-52 and 67-83 in human year equivalents, respectively. Animals were instrumented to assess cardiovascular parameters in the conscious state (30) . LV wall thickness, internal diameter, and chamber volume were similar in adult and old dogs. Although circumferential fractional shortening and LV end-diastolic and systolic pressures were preserved with aging, stroke volume, maximal rate of LV isovolumic contraction (dP/dt max ), and ejection fraction (EF) were decreased in old animals (Fig. 2, A-C) . Importantly, the significant increase in heart rate in old dogs appears to contribute to the slightly lower LV filling volume, decreased stroke volume, and preservation of cardiac output. The in vivo infusion of the ␤-adrenergic agonist dobutamine, followed by isoproterenol bolus, revealed that the inotropic and lusitropic response of the senescent heart to catecholaminergic-like stimulation was attenuated with age; these defects were observed in part with the overdrive maneuver (Fig. 2, D and E) . Moreover, three of the seven old dogs, but only one of eight adult animals, failed to complete the treadmill protocol.
The presence of left bundle branch block increases with age and is likely to be associated with cardiovascular disease (39) . Thus 12-lead ECGs were obtained in a cohort of six dogs at 10 -14 yr of age. In two out of the six old animals a notched R wave was observed in lead V6, together with a relatively deep S wave in V1 and V2 (Fig. 2F) . QRS duration, measured in lead II, averaged 70.6 Ϯ 3.3 ms and reached 85 ms in one of the two dogs with notched R wave. These findings suggest that conduction delays occur in aged animals possibly contributing to alteration in mechanical function (1, 2) .
Body weight, heart weight, and thickness of the LV free wall were preserved with age (Fig. 2G) . By biochemical analysis of blood samples, blood urea nitrogen was maintained, whereas creatinine and glucose decreased and level of triglyceride increased in old dogs (Fig. 2H) . Also lactate and partial pressure of O 2 in blood samples from the coronary sinus were not affected by age. These data suggest that renal function (4, 28) is preserved in aging beagles and metabolic alterations are in place. Additionally, LV myocardium was examined for general molecular markers related to the cyclic AMP (cAMP)/ cAMP-dependent protein kinase (PKA) pathway, critical in modulating myocardial function. Phosphorylation status of the catalytic subunit of PKA and Ca 2ϩ handling protein phospholamban, a target of PKA, were comparable in tissue from adult and old dogs (Fig. 2, I-L) minimizing the possibility that alterations of the cAMP/PKA axis contribute to the observed differences in cardiac function at baseline.
Thus cardiac aging in beagle dogs manifests with abnormalities in ventricular performance and reduced functional reserve in the absence of organ hypertrophy.
Physiological aging has modest effects on the structure of the myocardium. The contribution of myocyte death to myocardial aging in beagle dogs was then established. Myocyte apoptosis was identified in adult and aged dogs by TUNEL assay and found comparable in the two groups (Fig. 3, A and  B) . Myocyte necrosis, evaluated by the high sensitivity troponin I assay (19) , was detected in adult animals and increased with age (Fig. 3C) . These data are consistent with results in humans showing that circulating levels of troponin are commonly found in apparently healthy individuals (19) , indicating that myocyte necrosis is an ongoing process and is enhanced with aging and cardiac pathology.
To evaluate the consequences of myocyte death in the aging heart, interstitial fibrosis and the volume fraction of cardiomyocytes were measured quantitatively in animals 4 -14 yr of age. Interstitial fibrosis slightly increased with age, although the relative proportion of cardiomyocytes did not change (Fig.  3D) . Moreover, gene expression profile of various fibrotic markers (6) was not altered in the aged myocardium. However, collagen type I ␣2 was significantly increased and transcripts for collagen type III ␣1 and periostin displayed large variability in old dogs (Fig. 3E) .
Myocyte volume, evaluated at 4, 7-8, and 12-14 yr of age, increased minimally (8% at 12-14 yr vs. 4), whereas the fraction of mono-and binucleated myocytes remained constant (Fig. 3, F and G) . The relationship between organ age and myocyte volume was then established, and this parameter was employed to compute the number of cardiomyocytes in each heart. As expected by the preservation of the volume fraction of the myocyte compartment and the http://ajpheart.physiology.org/ modest changes in myocyte volume, the aggregate myocyte number was not affected by age (Fig. 3, H and I) . Thus cardiac aging in this model is characterized by a largely intact myocardial structure and a modest increase in interstitial fibrosis.
Physiological aging prolongs the electrical recovery of the myocardium. The anatomical and structural properties of the myocardium have explained only in part the defects in cardiac performance and contractile reserve of the aged heart. Therefore, a detailed electrophysiological analysis of the myocardium was performed. LV tissue was perfused in a Langendorff system to measure transmural pseudo-ECG and monophasic action potentials (MAP). This protocol allowed us to evaluate the repolarization properties of the myocardium at predetermined pacing rates in the absence of circulating factors that may influence the electrical behavior of the cardiac muscle (42, 53) .
A progressive prolongation of the QT interval and time to 90% repolarization of local MAP (APD-90) was observed in the aging myocardium (Fig. 4, A-D) . In the adult and old muscle, increases in stimulation frequency, from 0.5 to 2.5 Hz, resulted in a progressive shortening of the duration of the QT interval (Fig. 4, E and F) . The protracted electrical recovery of the old myocardium was more pronounced at low pacing frequencies, while it decreased progressively at faster rates of stimulation. The reverse rate dependency of the protracted repolarization phase of the old myocardium suggests that cellular alterations are involved in the process, rather than structural abnormalities of the senescent heart.
To establish the role of the myocyte action potential (AP) in the repolarization defects of the old myocardium, LV cardiomyocytes were analyzed by patch clamp. The plateau and late repolarization phases of the AP were significantly longer in old myocytes. However, resting membrane potential, amplitude of the AP and phase 1 notch, and maximal and minimal rate of depolarization and repolarization were similar in adult and senescent cardiomyocytes (Fig. 4, G and H) . Again, at high stimulation frequencies, repolarization was faster and the differences in AP duration between adult and old cardiomyocytes were attenuated (Fig. 4, I and J) . Thus, cardiac aging in beagle dogs is characterized by a slower repolarization of the AP in cardiomyocytes, which contributes to the protracted electrical recovery of the old myocardium.
Function of the late Na ϩ current in the remodeled electrical properties of the senescent myocardium. The reduced repolarization reserve of old cardiomyocytes may have enhanced the function of the late Na ϩ current (I NaL ), which is operative in the plateau and repolarization phases of the AP. The prolonged repolarization may have sustained Na ϩ influx via I NaL , a factor that may contribute to the slower electrical recovery in old cells, with important implication on intracellular ionic homeostasis (3, 22, 54, 55) .
To test the function of I NaL in the AP profile of aging myocytes, this ionic current was inhibited pharmacologically (mexiletine, 10 M) (10, 40) in isolated cells. This intervention shortened the intermediate and late repolarization phases of the AP, a phenomenon that was more apparent in old cell (Fig. 5,  A-C) . However, resting membrane potential, AP amplitude, and maximal and minimal dV/dt were not modified by blockade of I NaL . Importantly, the effects of inhibition of I NaL on the electrical recovery of cardiomyocytes were equally observed at the level of the intact LV myocardium; the duration of the QT interval in the old muscle was markedly reduced, mimicking the response observed in senescent cardiomyocytes (Fig. 5, D  and E) .
As documented previously (20, 53) , I NaL presents a significant reverse rate dependency (Fig. 5, F and G) . This behavior, identified in myocytes from juvenile hound-type dogs, may have critical consequences on the rate adaptation of the AP profile in myocytes from old beagles. Therefore, electrical signals were evaluated in old cells at different pacing frequencies in the absence and presence of I NaL inhibitors ranolazine (10 M) or TTX at low dose (1 M) (36, 41, 50, 53) . These compounds preferentially shortened the AP at basal stimulation frequency, attenuating the reverse rate dependency of the repolarization phase of the AP (Fig. 5, H and I) . Thus cardiac aging in beagle dogs leads to a prolongation of the action potential favoring I NaL , which contributes to the steep reverse rate dependency of the repolarization of the aging myocardium.
Prolongation of the AP duration enhances the contractile function of aging myocytes. The prolongation of the AP has important implications in the excitation contraction-coupling of old cardiomyocytes. (8, 13, 22, 31, 38, (41) (42) (43) (44) 48) .
To validate whether these mechanisms of inotropic support, previously reported in canine cardiomyocytes (48) , were operative in cells of the aged heart, AP and Ca 2ϩ transients were simultaneously measured in isolated cells. Inhibition of I NaL with low dose of TTX or mexiletine led to a faster repolarization of the AP and to a 15% decrease in Ca 2ϩ transient amplitude (Fig. 6, A and B) . Similarly, attenuation of I NaL in cardiomyocytes reduced significantly cell contractility (Fig. 6,  C-E) . Thus myocardial aging in beagle dogs is characterized by a prolongation of the AP enhancing the contractile behavior of senescent cardiomyocytes. 
Inotropic reserve is impaired in the aging myocardium.
Based on the results discussed above, chronological age leads to adaptations in the electrical properties of the myocardium, which tends to sustain the mechanical performance of the old organ. To establish the efficiency of the process, ventricular trabeculae were analyzed in an isometric system. At 1-Hz stimulation frequency, developed tension, and positive and negative dT/dt were similar in adult and old muscle samples. Time to peak tension was delayed in the old myocardium, but the time of relaxation was comparable in the two sets of muscles (Fig. 7, A and B) .
Increasing stimulation rates were employed to assess the contractile reserve of the myocardium. Reductions in pacing cycle length revealed a positive contractile force-frequency relationship (FFR) in adult muscles; in fact, a 1.8-fold increase in developed tension was detected. Conversely, developed tension remained essentially constant in old muscles (Fig. 7, C  and D) . The accelerated relaxation at high frequency, however, was comparable in adult and old muscles (Fig. 7E ). This phenomenon has been attributed to an increase in sarco/endoplasmic reticulum Ca 2ϩ -ATPase (SERCA) pump activity and enhanced SR Ca 2ϩ reuptake at high pacing rates (14, 15) .
The lack of a positive staircase in the old myocardium was coupled with an attenuated ␤-adrenergic response. At fixed cycle length, exposure to isoproterenol increased developed tension more in adult than in old trabeculae; P Ͻ 0.05 with respect to old (Fig. 8A) . Also, isoproterenol decreased time to peak tension and relaxation time in both muscles, and shortened the QT interval in the perfused myocardium paced at 2 Hz (Fig. 8, A-C) . Thus myocardial aging in beagle dogs shows preserved contractile function at rest, but defective inotropic reserve following fast pacing and ␤-adrenergic stimulation.
The prolonged electrical recovery provides inotropic support to the aging myocardium. Collectively, these findings suggest that the blunted positive contractile FFR of the senescent myocardium was dictated by the reverse rate dependency of electrical recovery. At low stimulation frequency, the prolonged duration of the AP and activity of I NaL were capable of providing inotropic support to the aging muscle. This mechanism, however, was no longer operative at high pacing rates when the AP was significantly shortened, partly by I NaL inactivation. To investigate this relationship, ventricular trabeculae paced at 1 Hz were studied at baseline and following pharmacological inhibition of I NaL with mexiletine. This strategy led Fig. 8 . The old myocardium presents blunted contractile response to ␤-adrenergic receptor (␤-AR) stimulation. A: data for twitch properties in aging muscles in KHB and after exposure to isoproterenol (Iso; 100 nM) are shown as median and interquartile ranges (adult: n ϭ 9 muscles, 7 dogs, 5.5 Ϯ 0.5 yr; old: n ϭ 10 muscles, 8 dogs, 13.0 Ϯ 0.2 yr). *P Ͻ 0.01 vs. KHB. B: superimposed pseudo-ECGs obtained in the perfused adult LV myocardium in KHB and after exposure to the ␤-AR agonist Iso (100 nM). C: quantitative data for QT interval in adult and old LV myocardium in KHB and after exposure to Iso are shown as mean Ϯ SE (adult: n ϭ 4 muscles, 4 dogs, 6.9 Ϯ 1 yr; old: n ϭ 7 muscles, 5 dogs, 12.8 Ϯ 0.3 yr). *P Ͻ 0.05 vs. KHB.
to a reduction in developed tension, time to peak tension, and relaxation kinetics of old muscles; these changes were less apparent in trabeculae from adult hearts (Fig. 9, A and B) . Inhibition of I NaL with a low dose of TTX or ranolazine had comparable effects to those observed with mexiletine (Fig. 9, C  and D) . Importantly, attenuation of I NaL restored the positive contractile FFR of the senescent myocardium and potentiated this phenomenon in the adult tissue (Fig. 9E) .
To define the rate dependency of the inotropic support of I NaL , this current was increased pharmacologically with anemonia toxin-II (ATX-II) (40, 44) in the adult myocardium. In the perfused muscle stimulated at 2 Hz, the increase in I NaL led to a 20% prolongation of the QT interval and the appearance of notched T waves in 2 of the 4 myocardial preparations (Fig. 10, A and B) . Importantly, protracted repolarization was more pronounced at slower pacing rates (Fig. 10C) . Similarly, the inotropic action of the enhancement of I NaL in twitching trabeculae was apparent at low pacing rates and was attenuated at shorter stimulating intervals (Fig. 10, D and E) . The preferential function of I NaL at basal cycle lengths resulted in a steep negative FFR (Fig. 9, D 
-G).
Thus myocardial aging leads to a prolonged electrical recovery favoring I NaL activity, factors that enhance the inotropic state of the senescent myocardium. However, the reverse rate dependency of I NaL and duration of the AP restrict the action of this beneficial mechanism to low pacing rates.
DISCUSSION
The results of the current study indicate that myocardial aging in a large animal model is coupled to alterations in the myocyte compartment, resulting in a loss of the contractile reserve typically present in young hearts. The defects in the electrical and mechanical characteristics of cardiomyocytes with aging suggest that this cell population is a critical determinant of the cardiac senescent phenotype. Ventricular hypertrophy has not been observed with myocardial aging in beagle dogs, a phenomenon consistent with previous observations in humans (25) . The significant increase in circulating troponin I and elevated myocardial transcripts for collagen type I ␣2 in old animals suggest that necrotic cell death and replacement fibrosis are active processes in the aged heart. However, the structural composition of the myocardium is modestly altered with aging in this model, weakening the possibility that increased fibrotic depositions act as the mechanism responsible for the depressed cardiac performance of the old heart. The decreases in stroke volume, dP/dt max , and EF measured at baseline in senescent animals in the conscious state may reflect alterations in cardiac autonomic control (52) and increased heart rate, together with abnormalities in the physiological properties of senescent myocytes and myocardium. Although not investigated here, impaired myocardial substrate metabolism may represent an important factor contributing to the defective contractile function observed in aged dogs (45) .
Changes in the duration of the AP in cardiomyocytes have been recognized as important modulators of Ca 2ϩ transient amplitude with maturation, aging, and myocardial infarction and following stimulation of G q -protein coupled receptors (13, 38, 42) . The prolongation of the AP duration in old myocytes is consistent with protracted QT interval and electrical recovery of the old dog myocardium, a phenomenon frequently observed in elderly patients (34, 39 release mechanism (13, 38) . However, lengthening of the AP also causes increased activity of I NaL and Na ϩ entry resulting in abnormal cytosolic Na ϩ load (54) . The extrusion of Ca 2ϩ via forward mode NCX is reduced and cytosolic Ca 2ϩ accumulates; these factors improve myocardial contraction but impact negatively on muscle relaxation (8, 41, 44, 48, 49, 54) . The results of the current study in the old dog heart are consistent with this possibility. The delayed temporal dynamics of myocyte and myocardial contractility may reflect the prolonged repolarization and the increased cytosolic Na ϩ load induced by I NaL . In fact, inhibition of I NaL reduces cell shortening and developed tension in cardiomyocytes and the isometric twitch in isolated trabeculae. Moreover, these changes are characterized by decreases in the timing parameters of developed tension and relaxation. We have previously documented in rodents that alterations in the AP profile using AP-clamp mode or by inhibiting repolarizing K ϩ currents affect the amplitude, time to peak, and decay of Ca 2ϩ transients and contractility (35, 41, 42) . However, modulation of I NaL has peculiar effects on intracellular Ca 2ϩ cycling and contractility, which reflect the ability of this current to alter the profile of the AP and promote Na ϩ influx (41) . The inability of the old myocardium to adjust the developed force to increases in stimulation frequency may be due to the steep reverse rate dependency of the duration of the AP in cardiomyocytes together with the biophysical properties of . Arrow points to notched T wave occurring after prolonged exposure to ATX-II. B: data obtained in adult dogs are shown as mean Ϯ SE (n ϭ 4 muscles, 4 dogs, 4 -8 yr old). *P Ͻ 0.05. Notched T waves were present in 50% of muscles exposed to ATX-II. C: examples of QT interval duration at various stimulation frequencies for LV myocardium obtained from two adult dogs (6 and 7 yr old) in KHB and after exposure to ATX-II. D: isometric contraction (top traces) and first derivative of developed tension (bottom traces) recorded at progressively higher stimulation frequencies in 1 trabecula from an adult dog before (KHB) and after exposure to ATX-II (10 nM). E: data for the effects of ATX-II on developed tension at the various frequencies of stimulation, with respect to baseline, are reported as mean Ϯ SE (n ϭ 3 muscles, 2 dogs, 6 and 7 yr old). *P Ͻ 0.05 vs. 333 ms; **P Ͻ 0.05 vs. 500 ms; ***P Ͻ 0.05 vs. 1,000 ms. F and G: quantitative data for developed tension (F) and developed tension normalized with respect to CL 2,000 ms (G) in adult trabeculae presented in E are shown as mean Ϯ SE. *P Ͻ 0.05 vs. KHB; †P Ͻ 0.01 for various frequencies within the same group.
I NaL reactivation. At high pacing rates, the AP is shortened and I NaL is reduced; these factors weaken the inotropic support derived from protracted repolarization, Na ϩ entry, and load. Additionally, in old muscles, the basal cytoplasmic Na ϩ level may prevent further increases in Na ϩ load, a key regulator of the positive FFR and other mechanisms of contractile reserve (49) . This possibility is supported by the diminished inotropic responsiveness of the intact senescent dog heart to the cardiac glycoside acetylstrophantidin (11) , whose positive contractile action is due to enhanced Ca 2ϩ load secondary to inhibition of the Na ϩ /K ϩ pump, and intracellular accumulation of Na ϩ (49). In a comparable manner, the pharmacological potentiation of the I NaL with ATX-II results in an increase in developed force of the adult myocardium at basal cycle length, but it suppresses the positive contractile FFR. Although not tested in the current study, prolonged electrical recovery and Na ϩ entry via I NaL in old cardiomyocytes may be in part implicated in the attenuated contractile response of the senescent heart to ␤-adrenergic agonists. Activation of this signaling pathway shortens myocardial electrical recovery, reducing the temporal availability of Na ϩ influx and the inotropic support of Na ϩ load. Although a formal review of the cause of death has not been performed in our beagle dog colony, there is no indication that heart failure or arrhythmias are major factors influencing the death of aging dogs (C. Royer and E. G. Barrett, personal communication). This observation raises the possibility that the enhanced occurrence of sudden cardiac death in the elderly population (47) may be secondary to intervening cardiac pathologies enhancing electrical instability of the heart. The protracted electrical recovery of the myocardium and prolonged AP duration of myocytes from old dogs are features shared with the failing heart. Specifically, chronic heart failure in dogs induced by multiple sequential coronary microembolizations or by bundle-branch radiofrequency ablation and tachypacing manifests with reduced EF and ventricular arrhythmias (1, 2, 21, 37, 48) . These defects are coupled with an increase in I NaL and reduced inward rectifier (I K1 ), delayed rectifier (I K ), and transient outward (I to ) K ϩ currents in cardiomyocytes (1, 2, 21) . Similar changes have been identified in myocytes of the old rodent heart (41, 51) raising the possibility that enhanced I NaL and reduced repolarizing K ϩ currents are initial alterations during the early phase toward cardiac failure. Further studies are warranted to properly define alterations of ionic currents occurring in aging myocytes, leading to changes in the AP profile in the various anatomical regions of the large mammalian heart.
In conclusion, the results of current study in the old beagle dog heart raise the possibility that the prolongation of the electrical recovery and promotion of I NaL activity may be viewed as important determinants of the aging myopathy and its propensity to evolve into ventricular decompensation under stressful conditions.
